Pollution caused by heavy metals affects all forms of life. The aim of the study was to determine the content of toxic (Sr, Ni, Pb, V, Cd, U, Rb, As) and essential (Na, K, Ca, Mg, Zn, Cu, Se, Mn, Cr, Mo, Co) metals in the bone and whole blood samples, in regard to clinical means of long-and short-term exposure, respectively. For this purpose, the cortical and trabecular parts of femoral neck, as well as the blood samples, were collected to quantify bone-important metals by inductively coupled plasma (ICP)-based techniques. According to principal component analysis (PCA), the most influential metal discriminating blood samples was Cu, while all other quantified elements were present in higher amounts in the bones. Additionally, trabecular bones (TBs) could be characterized by higher content of Mo, Cr, V, Mn, Co, As, and Ni compared to cortical bones (CBs). Linear discrimination analysis (LDA) was successfully applied to distinguish trabecular bone from the cortical bone. Significant correlation between essential Ca and toxic Sr with other elements was found and discussed. This study provides novel data on the effects of metal pollutants on bone health hazards. The results obtained for investigating metals may serve as a baseline for further clinical investigations in the orthopedic fields.
Introduction
Humans are exposed to metals from numerous sources, including contaminated air, water, soil, and food (Chew et al. 2000; Kern and Mathiason 2012) . Elements can accumulate in the hard tissues of the body, such as bone, teeth, and fingernails. Bone is of particular interest because it is laid down over a period of time, being constantly and slowly renewed and replaced. Bone tissue is an important endogenic storage organ for toxic and essential elements and reflects the total content of metals in the organism (Kuo et al. 2000; Roczniak et al. 2017; Hirayama et al. 2011; Jurkiewicz et al. 2004; Takata et al. 2005; Brodziak-Dopierala et al. 2006) . However, bone is a complex material and the collection of samples from the humans is the main problem Zaichick and Zaichick 2018) . Consequently, it is only rarely used as the clinical sample obtained after orthopedic surgery (Choi et al. 2015) or during an autopsy (Zaichick 2006 ). Blood analysis can be further helpful to examine short-term exposure to essential or toxic metals (Kubaszewski et al. 2014) .
The bones can be divided into two compartments: cortical (compact) and trabecular (spongy) bone, depending on the porosity, hardness, and content of the soft tissues (Takata et al. 2005; Tandon et al. 1998) . The metabolism of trabecular bone is eight times faster than in the cortical one and resulting
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in an earlier response to pathophysiological changes (ZiolaFrankowska et al. 2015) .
The upper extremity of the femur is a particularly vulnerable part of the human skeleton, and fractures of the proximal femoral neck are a significant cause of morbidity in the elderly Zaichick 2006; Helliwell et al. 1996) . The main contributor to the increased fracture tendency is due to osteoporosis .
In the present study, bone and whole blood samples of elderly people were analyzed. The aims of this study were to 1. determined baseline content of 19 important metals in the femoral neck of Serbian inhabitants and compared our results with other population groups; 2. discriminate trabecular and cortical parts of femoral bone, as well as blood samples, by application of chemometric analysis; 3. perform the correlation analysis between Ca and Sr with other metals in the cortical bone (CB) and trabecular bone (TB) and whole blood.
Materials and methods

Sample collection
In this study, bone and whole blood samples of Serbian inhabitants (n = 25, mean age: 67 ± 8; sex ratio w/m = 15/ 10) were collected from the region of the city of Kragujevac. This region is supplied with a drinking water of a good quality in terms of heavy metal levels and has a moderate industrialization, so it can be considered representative of the heavy metal evaluation in the investigated clinical samples. Excluded participants from this study were smokers, people on mineral supplements, and alcoholics. All participants were suffering from the trauma after the fall and were directly hospitalized. The presence or absence of osteoporosis was not evaluated, because bone densitometry technique could not be performed preoperatively. Histopathological examination of the bone samples did not reveal any significant pathology. Strict measures have been taken to collect bone samples from the same anatomical side during the hip replacement surgery. Implantation of the artificial hip was the first for all participants. The sample of femoral neck from each participant was separated into trabecular and cortical part of titanium tools. Soft tissues, muscles, and fat were mechanically removed as far as possible under the sterile conditions. Blood samples were collected before operation in the morning hours. Each subject donated a 5 mL of blood. The study was approved by the Ethics Committee of Clinical Centre Kragujevac, Serbia. All subjects voluntarily participated in the study and the consent was obtained from each subject.
Chemicals and instrumentation
All used chemicals were of analytical grade and were supplied by Merck (Darmstadt, Germany). Concentrated nitric acid was additionally purified by double distillation. Ultrapure water was prepared by passing double deionized water of Milli-Q system (18.2 MΩ). In order to minimize contamination, all plastic and glass material was immersed in 20% HNO 3 for 24 h and rinsed with ultrapure water before use.
A certified stock standard solution (VHG Labs, Manchester, USA) and multi-element plasma standard solution (Alfa Aesar, Germany) concentration of 10 mg/L and 1000 mg/L, respectively, were used for preparation of intermediate standard solutions. An internal standard solution 100 μg/mL Li, Sc; 20 μg/mL Bi, Ga, In, Tb, Y, (VHG Labs, Manchester, USA) was used. Instrument parameters of ICP-MS were optimized using an iCAP Q tuning solution B containing 1 μg/L of Ba, Bi, Ce, Co, In, Li, and U in 2% nitric acid (Thermo Scientific, UK). The accuracy of both techniques was confirmed with the following standard reference materials (SRMs): bone meal (NIST-1486, USA), whole blood L-1 (SERO210105, Norway), and L-2 (SERO210205, Norway).
Microwave digestion was done on ETHOS 1 Advanced Microwave Digestion System (Milestone, Italy) equipped with HPR-1000/10S rotor. The element quantifications were carried out by inductively coupled plasma-optical emission spectrometry (ICP-OES, iCAP 6500 Duo Spectrometer, Thermo Scientific, UK) and inductively coupled plasmamass spectrometry (ICP-MS, iCAP Q, Thermo Scientific, UK). The plasma and nebulizer gas used pure argon (99.99%, Messer, Serbia). The collision cell of ICP-MS was filled with pressured helium (99.99%, Messer, Serbia). Glass concentric nebulizer and PFA-ST Micro-Flow nebulizer were used for ICP-OES and ICP-MS, respectively. Glass cyclonic spray chambers were employed for both techniques.
Sample preparation
The samples of femoral neck were prepared according to the study of Kuo et al. (2000) with some modifications. Briefly, bone samples were immersed into hydrogen peroxide for 4 h, followed by complete removal of lipids with acetone in an ultrasonic bath for 10 min. Bone material was then cleaned by ultrapure water and dried to constant weight at 85°C. Dried samples were weighed before the microwave digestion (mass ranged from 0.1 to 0.35 g).
Degradation of both sample types included the same amount of reagents (7 mL of 65% HNO 3 and 1 mL of 30% H 2 O 2 ). The following microwave digestion temperature program for the blood samples was set: 2 min heating to 85°C, 4 min heating to 135°C, 5 min heating to 200°C and 15 min heating at 200°C. For bone samples it was slightly different with the following set: 5 min heating to 140°C and 5 min heating at 140°C, then 5 min heating to 180°C, and 25 min heating at 180°C. Power output of 1100 W was adjusted during the whole microwave program for both digestion procedures. Digested samples were finally diluted to 25 mL.
Optimal conditions for element quantification
The optimal instrumental conditions of ICP-OES and ICP-MS were forward power (W) = 1150 and 1550; argon gas flow rate (L/min) = 0.50 and 0.80 (for coolant), 0.50 and 1.13 (for auxiliary), 12 and 16 (for transporting gas), respectively. Bi in concentration 10 μg/L) were used. The intermediate internal standard solution was aspirated by a second channel of peristaltic pump allowing on-line addition to the calibration blank, standards, and sample solutions.
Six calibration solutions were employed to cover the range of analyte concentrations. The correlation coefficient, R, was greater than 0.998 in the range from 0.1 to 100 μg/L and from 0.01 to 25 mg/L for ICP-MS and ICP-OES, respectively. The accuracy of methods was confirmed based on the obtained results by SRMs (Table 1) . It was decided that ICP-OES is the method of choice for the determination of Ca, Mg, Na, K, Zn, Sr, and Cu in both type of samples, and for Ni and Pb content in bone samples due to observed interferences when determining the same elements with ICP-MS technique. The remaining 10 elements (Se, V, Mo, Mn, Co, Cr, Cd, Rb, As, and U) in both types of samples, along with Ni and Pb in whole blood, were determined by ICP-MS. Based on repeated measurements (n = 6), the relative standard deviation (RSD) for the examined elements was less than 5% for both techniques.
Statistical analysis
Descriptive statistics, t test for equality of means, and analysis of variances were carried out by SPSS statistical software (IBM SPSS Statistics 20). An assessment of the normality of the data was performed by Shapiro-Wilk's test. Majority of parameters were normally distributed, while those that show small deviation from normality have no 'heavy' tails and no skewness and do not influence the robustness of the data. According to this, parametric tests, as more powerful compared to nonparametric ones, were used. Principal component analysis (PCA) was carried out by PLS ToolBox, v.6.2.1, for MATLAB 7.12.0 (R2011a). All data were autoscaled prior to any multivariate analysis to bring value to compatible units. PCA was carried out as an exploratory data analysis by using a singular value decomposition algorithm and a 0.95 confidence level for Q and T 2 Hotelling limits for outliers. The analysis was based on correlation matrix and factors with eigenvalues greater than 1 were retained. Linear discriminant analysis (LDA) has been performed using a demo version of the NCSS statistical software (www.ncss.com).
Results
The summarized parameters of descriptive statistics are given in Table 2 . Data were presented as mean and median values, together with parameters of its spread, such as standard deviation and range.
Nineteen elements were quantified for each sample (Ca, Mg, Na, K, Zn, Sr, Ni, Cu, Pb, Se, V, Mo, Mn, Co, Cr, Cd, Rb, As, and U). Calcium, Mg, and Na were the most abundant mineral components, considering all investigated bone samples, followed by K, Zn, and Sr. Although the rest of the studied elements were present in minor quantities and some of them can be detected in trace amounts (ng/g), there was significant variation in the content of Cu, V, Mo, Mn, Co, Cr, Cd, and As in trabecular bone compared to cortical one. The content of the listed metals was higher in a group of TB samples ( Fig. 1 and Table 2 ).
When the distribution of elements present in participant's blood was observed, only Cu was present in higher quantity comparing to bones ( Table 2 ). The content of Cu was approximately 3.5 times higher in the blood in relation to TB and approximately 5.5 times higher in relation to CB. Selenium and Rb were present in equal amount in two parts of bones and blood, while the content of Na and K was two times higher in bones compared to blood. All other elements were present in negligible amount in relation to its content in bones (Table 2) .
In order to find the trends in the content of all elements in the bones and blood of participants according to gender and age, the data were additionally grouped and statistically evaluated. According to t test for equality of means, no differences were found in the content of elements in trabecular and cortical bones and whole blood of men and women (Table S1 , Supplementary material). The only difference was found in the content of Se, which was statistically significant higher (t > t cr , p < 0.05) in CBs of men compared to women (Table S2 ). In order to evaluate possible differences in the content of elements in bone and blood of participants according to their age, the data were separated into four categories. The first category included participants from 50 to 59 years, the second category participants from 60 to 69, the third category participants from 70 to 79, and the fourth category participants over 80 years. The elements present in trabecular and cortical bones and whole blood indicate differences according to participants' age confirmed by ANOVA test (F > F cr , p < 0.05) (Table S2 , Supplementary material). In TB, the content of Ni, in CB the content of Pb, and in whole blood the content of Se, differed significantly according to participants' age (Table S2 , Supplementary material).
In addition to univariate data analysis, PCA and LDA were applied to differentiate groups of subjects according to the content of elements in a particular part of the bone. A PCA resulted in a five-component model which explained 74.91% of total variance. The first principal component, PC1, accounted for 30.98% of the overall data variance, the second one, PC2, for 14.24%, and the third principal component, PC3, for 10.35%. Mutual projections of the factor scores and their loadings for the first two PCs are presented in Fig. 2a, b . Two groups of samples belonging to different parts of participants' bones were partially overlapped (Fig. 2a) . Thereby, CB samples were firmly clustered, exhibiting small internal variability, contrary to TB samples which were dissipated in a broader range of the score plot (Fig. 2a) . The most influential elements discriminating between two parts of bones were Mn, As, V, Mo, Cr, Cu, Co, and Cd (Fig. 2b) . A PCA model, thereby, could not differentiate bones, according to the element's content.
PCA is not an optimal method for classification in the cases when the discriminatory information is in the mean but not in the variance of the data since the main principle of the method is a reduction of the dimensionality of a data set consisting of a large number of interrelated variables by retaining as much as possible the variation present in the data set. Contrary, LDA performs dimensionality reduction while preserving as much of the class discriminatory information as possible (Karabagias et al. 2014) . In that sense, in order to establish more reliable criteria which could be used for prediction of Based on the misclassification table, LDA model has good predictive power, i.e., lowest misclassification rate. Only one sample has not been correctly assigned. According to the classification parameters, the obtained model could be successfully used in order to distinguish trabecular and cortical bone of participants (Fig. 2c) .
PCA was additionally applied to differentiate groups of subjects according to the content of elements in a particular part of the bones and corresponding blood. A PCA resulted in a four-component model which explained 92.25% of total variance, PC1 accounted for 69.88% of the overall data variance, while PC2 for 7.74%. Mutual projections of factor scores and their loadings for the first two PCs are presented in Fig. 3a, b . Score plot revealed the existence of two distinctive groups of samples separated alongside PC1 direction (Fig. 3a) . The first group consists of the blood samples, while the second one contained overlapped clusters of trabecular and cortical bone samples. The most influential element discriminating blood samples was Cu, while all other quantified elements were present in higher amounts in bones and were the main parameters for their discrimination (Fig. 3b) . Additionally, TBs could be characterized by higher amounts of Mo, Cr, V, Mn, Co, As, and Ni.
A univariate correlation analysis was used to investigate the relationships between the content of Ca and Sr in the cortical and trabecular bone and whole blood. Results of Pearson's correlation coefficients are presented in Table 3 . Significant r values at the 95% confidence level (Miller and Miller 2010) are marked in this table. Significant correlation between Ca and elements Mg, K, Sr, Ni, Cu, and Rb in TB and Ni in CB was found, while it correlates with the majority of the investigated elements in blood (Mg, Na, K, Zn, Sr, Ni, Pb, Se, V, Mo, Mn, Co, Cr, and As). Strontium is correlated only with Ca in TB, Co in CB, and Ca, Mg, Zn, Ni, Pb, Mo, Mn, Cr, and As in whole blood. Additionally, Ca in TB is negatively correlated with Ca in whole blood (r = − 0.455), while Sr is positively correlated between both parts of bone (r = 0.751), and its content in blood with trabecular and cortical bone separately (r = 0.776, r = 0.917, respectively). 
Discussion
Comparison with other population groups
The concentrations of toxic and essential elements in bones reflect long-term exposure, so it is very important to determine baseline metal levels for Serbian inhabitants and compare obtained results with other population groups. Since the concentration of elements depends on the site of bone sampling (Ziola-Frankowska et al. 2015; Roberts et al. 1996; Helliwell et al. 1996) , our results were only compared with population groups where the femoral neck was analyzed. However, there is little information about content of metals in the femoral neck in comparison with the femoral head.
According to our knowledge, femoral neck samples of healthy people were only analyzed in three population groups: the Russians (Zaichick and Zaichick 2018), inhabitants of the United Kingdom (UK) Helliwell et al. 1996) , and in the Taiwanese population (Kuo et al. 2000) . A comparison of our results with corresponding values for these population groups provided some new information. The concentration of Ca was similar in the Serbian and UK inhabitants, but lower in the Russian population. However, the differences existed in the age of comparing groups of subjects. The content of Mg, Mn, Cr, and Zn was in agreement with the reported values for all investigated groups. The concentration of Sr was similar only in the case of UK inhabitants (n = 13, w/m = 7/6), and it was 5.5 times and 4.5 times higher for women and men's cortical bones of the Russian subjects, respectively. On the other hand, our results for Na were in agreement with a women's age group from 26 to 35 years and with men age group from 41 to 45 years. In the recent study of the Zaichick and Zaichick (2018) , the Russian population has a similar concentration of Co and significantly higher concentration of Se in comparison with our results (0.18 ± 0.1 vs. 0.05 ± 0.03 μg/g, respectively). This finding for selenium could be related to the relatively low content of selenium in the soil around the Kragujevac region. Interesting finding was found by comparing our studied group to the East Asian country (Kuo et al. 2000) . The content of toxic metals (As, Cd, Pb, and Ni) was significantly higher in the Taiwanese subjects (n = 13). The authors pointed out that the highest Pb and Cd concentrations were found in the group over 80 years. Our results were in agreement only in the case of Pb.
In addition to healthy subjects, the femoral neck was also studied in different pathological groups: osteoporotic Turkish patients (n = 30; w/m = 21/9; age: 72.8 ± 6.1) (Karaaslan et al. 2014) and in the Polish patients with osteoarthritis (n = 26; mean age: 57.8) (Kubaszewski et al. 2014) . In comparison with these and many other clinical studies, we did not find any similarity in the element profiles. Thus, for example, the content of Ca and Mg was significantly lower and the content of K, V, Cr, Mn, Ni, Zn, As, Se, and Pb was significantly higher in osteoporotic patients compared to our subjects. On the other hand, the Cu content was about four times higher and Zn content was about twice lower in patients with osteoarthritis. Generally, comparing our results with other studies where the bone pathologies were examined, it could be concluded that metals play an important role in bone health.
Correlation analysis between elements
In this study, significant correlation between Ca and major elements (Mg, Na, and K) in TB and blood samples was found (Table 3) . It has long been assumed that Ca deficiency must underlie osteoporosis and neck fractures (Parr et al. 2002) . However, countries with a high Ca daily intake (Sweden, Norway, and US) have relatively high incidences of osteoporosis when compared to developing countries with low dairy Ca intake, such as India, China, and Thailand. This indicates that diet has only moderate influence on osteoporosis (Aaseth et al. 2012; Cashman 2006) . The positive correlation of Ca and magnesium (Mg) could be explained by the fact that Mg mimics the actions of Ca in mineralization processes (Karaaslan et al. 2014) . It has been reported that sodium (Na) leads to bone loss by increasing the excretion of urinary Ca, while potassium (K) has the opposite effects. It reduces urinary Ca even if Na intake is high (Roczniak et al. 2017; Cashman 2006) .
We found synergistic (positive) correlation Ca and Sr in TB and blood samples. This type of correlation was previously reported by Helliwell et al. (1996) in the femoral neck of the UK population. Strontium is a non-essential metal chemically very similar to Ca (Scharf et al. 2014; Zamburlini et al. 2009 ). It is an antagonist of Ca-sensitive receptor, which is sensitive to Sr 2+ and allows bone cells to react to small extracellular fluctuation of Ca 2+ ions (Dermience et al. 2015; Budis et al. 2014) . This finding could explain the effect of strontium (Sr) ranelate on TB in further clinical/pharmacological studies.
The antagonistic (negative) correlation was found between Ca and Ni in the TB and blood samples and, contrary, strong synergistic correlation between these elements in the CB samples. Despite of Ca, nickel (Ni) was the only element that showed a correlation with Ca in CB, indicating its role in the metabolism of the cortical part of the femoral neck. Essential metals (Mn, Cr, Mo, and Se) and toxic metals (Pb, As, Cd, and U) did not show correlations with Ca or Sr in the bone samples. Manganese (Mn), molibdenium (Mo), selenium (Se), chromium (Cr), lead (Pb), and arsenic (As) were positively correlated with Ca and Sr only in the blood, while cadmium (Cd) and uranium (U) did not give any correlation with Ca or Sr. The Mn has a significant bone-protective roles and its half-life in the bone tissues is from 8 to 9 years (Zofkova et al. 2017; Alghadir et al. 2016 ). The average content of Mo for "reference man" in bones was below 0.48 μg/g (Kubaszewski et al. 2014) , which is in agreement with our results. Chromium and cobalt are the major component of metal-on-metal (MoM) bearing and metallic junctions of the hip implants used worldwide in orthopedic surgery, and the range from 5 to 100 μg/L for Cr and from 5 to 300 μg/L for Co can be detected in plasma of patients with MoM implants at revising surgery (Scharf et al. 2014) . The correlation between soil Se deficiency and endemic osteochrondropathy has been reported in China (Kashin-Beck disease) (Dermience et al. 2015) . Beside Asia, an alarming situation is in the Europe and Africa, where the Se intake is very low (25 μg/day) (Zofkova et al. 2017) . Serbia is among the European countries with a relatively low intake of Se which can be seen, according to our results (median values = 40 μg/L). Lead, in form of Pb 2+ , can substitute Ca 2+ in the bone, mainly in the less metabolically active CB. The toxic effects of Cd on the bone tissue have long been known and elderly females are more susceptible to Cd toxicity. Cadmium can cause a decrease of bone mineral density and increased excretion of Ca in urine, which leads to the more frequent fractures and osteoporosis (Dermience et al. 2015; Lanocha et al. 2012; BrodziakDopierala et al. 2015) . Arsenic, as arsenate, can substitute for phosphate in the hydroxyapatite crystals of bone (Dermience et al. 2015) . Bones are a target organ for uranium (U). Uranium accumulates in the areas of active bone formation, calcifying zones of skeletal cartilage, where it can mimic and replace Ca 2+ ions (Arzuaga et al. 2015) . However, our results indicating that Cd, Pb, As, and U did not play an important role in CB or TB parts of the femoral neck.
Conclusions
For the first time in this study, the baseline contents of boneimportant elements in the femoral neck were determined. The used statistical models were successfully applied in order to distinguish trabecular and cortical bones of participants, as well as the whole blood samples. The most influential element discriminating whole blood samples was Cu, while all other quantified elements were present in higher amounts in bones and were the main parameters for their discrimination. Additionally, trabecular bones could be characterized by higher amounts of Mo, Cr, V, Mn, Co, As, and Ni. According to the classification parameters, the LDA model could be successfully used to distinguish trabecular and cortical bone of participants. The highest absolute value was obtained for Zn, Ni, Na, and Pb. This study provides novel data on the effects of metal pollutants on bone health hazards. The results obtained for toxic and essential elements may serve as a baseline for further clinical investigations in the orthopedic fields. 
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